Ninety-two refractory oxide grains (primarily Al O¡ ) with highly unusual O-isotopic ratios have been found in acid-resistant residues of five primitive meteorites. Thirty-five of these also have large excesses of 
I INTRODUCTION
Primitive meteorites contain tiny grains of stardust: unprocessed specks of dust grains that condensed in stellar winds and/or explosions and were part of the protosolar cloud from which the Sun formed. These grains are recognized by their highly unusual isotopic ratios, the ranges of which far exceed those observed in material of Solar System origin. Since the first isolation of presolar diamonds, SiC and graphite (1) (2) (3) , most studies of stardust in meteorites have focused on C-rich phases rather than O-rich ones. This does not mean that O-rich stardust is scarce in the Galaxy. Rather, it reflects the fact that primitive meteorites are essentially collections of Orich phases that formed in the early Solar System. Isotopically anomalous presolar oxide grains that survived Solar System formation are thus hidden by a large background of isotopically normal dust grains. This is true even in the highly concentrated acid residues in which presolar C-rich phases are prevalent. Nevertheless, since O-rich dust and C-rich dust form under different conditions, and since most of the dust in the Galaxy is believed to be O-rich, presolar oxides provide unique astrophysical information and are well worth the extra effort required to find them.
The first evidence for presolar oxide grains in a meteoritic acid residue was found by Zinner and Tang Al ratio of this grain is much higher than the upper limit of 5
observed in matter of Solar System origin (6), and Huss et al. tentatively identified this grain as presolar, an identification later confirmed by O-isotopic analysis (7) .
Contemporary with the work of Huss and his coworkers at Caltech, an ion imaging system was developed for the Washington University ion microprobe, partly with the aim of efficiently locating isotopically highly anomalous presolar oxide grains. Using this system, low-precision §
O/ § )
O ratios of large numbers of grains may be rapidly obtained and anomalous grains automatically identified for further study (see refs. (8, 9) for detailed descriptions of the ion image mapping technique). The initial use of this ion imaging method resulted in the first unambiguous discovery of a presolar Al O grain, in a residue of the Murchison meteorite (10) . To date, a total of 92 presolar oxide grains have been found-eighty-nine corundums, one spinel (MgAl O0 ), and two grains with compositions intermediate between corundum and spinel-in acid residues of five meteorites. The meteorites involved are listed in Table 1 , along with the method used to find the grains (ion imaging or standard grain-by-grain analysis) and estimated concentrations. The grains are all 
0.5-4 m in diameter. Most of the grains were found by ion imaging in a separate of the Tieschitz ordinary chondrite. Although ninety-two grains is a far cry from the several thousand individual SiC grains that have now been individually analyzed, even this limited data set has provided important astrophysical information not obtained from other presolar phases. This paper discusses the isotopic compositions and astrophysical implications of the presolar oxide grains, with emphasis both on the new information the grains can give us and on important outstanding problems associated with the data. For more details on topics discussed here, the reader is referred to two recent papers (9, 16) .
II ISOTOPIC COMPOSITIONS
With the exception of Orgueil-B, all of the known presolar oxide grains were identified by their anomalous O-isotopic ratios. The §
O/ ¤

O and §
O/ § )
O ratios of the grains are shown in Fig. 1 , together with the ratios measured spectroscopically in red giant and asymptotic giant branch (AGB) stars (17) (18) (19) (20) (21) (22) . These data are not truly representative of the population of presolar oxides in the parent meteorites. This is because grains with unusual
O ratios close to the solar value of 499
O1 440-570), are missed by the ion imaging technique used to find most of the grains. Ion probe analyses of 400 single oxide grains indicated that some 25-50% of the presolar oxide grains in the meteoritic residues have been missed by ion imaging searches (9) . However, the grains that are missed belong to the largest and best-understood group of presolar oxides (Group 1, see below).
The presolar grains have been divided into four groups on the basis of their Oisotopic ratios (8, 14) ; the isotopic properties of the groups are summarized in Table 2 . One grain, T54, does not appear to be related to any of the other groups, and is thus listed separately. Note that the boundaries between groups are not sharp and the assignment of a particular grain to a particular group is not always unambiguous. In particular, Groups 1, 2 and 3 all merge together in the region of
O3 1000, and grains which lie in this area of the plot may well be related to any of these groups. An additional complication is the possibility that ion probe measurements of some of the grains included extraneous O from the sample mounts, diluting the extrasolar signatures. If this was the case, the true compositions of many of the grains may be more extreme (farther away from solar) than indicated on the plot, particularly for grains with depleted ¤
O and § )
O. In any case, the general isotopic trends indicated by the different groups are clear, and most likely reflect different astrophysical processes.
Because of small ( 1 m) typical grain sizes and the fact that corundum does not readily incorporate many trace elements in its crystal lattice, there have been few isotopic analyses of elements other than O in presolar oxide grains thus far. Only Mg has been measured in a significant number of grains, but Ti and N have been analyzed in a few cases as well. Fifty-two presolar oxide grains have been analyzed for their Mg-isotopic compositions and Al/Mg ratios. Of these, thirty-five have
Mg/ 0
Mg ratios much higher than solar, almost certainly due to the in situ decay of the short-lived radionuclide 
10&
. Table 2 shows the range and mean of Al/ Al ratios for the oxide grain groups as well as the fraction of each group that shows evidence for Al (see also Fig. 4) . The group divisions defined on the basis of O-isotopes are supported by the Mg-Al results, in that both the fraction of grains with Mg excesses and the inferred Al/ Al ratios increase systematically from Group 3 to 1 to 2 (there are too few Group 4 grains to make a meaningful comparison). All but two of the grains analyzed for Al-Mg have (
Mg/ 0
Mg ratios within analytical errors of the terrestrial value. The exceptions, Orgueil-B (Group 1) and Tieschitz T22 (Group 4), have higher than solar (
Mg ratios, by 25(9 6)% and 13(9 3)%, respectively (9, 23) . The former grain also has unusual Ti isotopic ratios (23) , with excesses in all isotopes relative to 0 )
Ti and the terrestrial isotopic ratios. One Group 1 grain has been analyzed for its N isotopic composition; it is depleted in ( N by about 40(9 18)%, relative to terrestrial N (11).
III STELLAR SOURCES
The highly unusual isotopic compositions of the oxide grains discussed here clearly establish their presolar, circumstellar origin. Two general questions to be addressed here are: what type or types of stellar environments could have produced the grains, and what new information about these stars can the grains give us? Red giants, supergiants, novae, and supernovae are all believed to be sources of O-rich stardust in the Galaxy (24, 25) and spectral features associated with silicates have been observed around all of these except supernovae (26) (27) (28) . The isotopic compositions of stars, and hence of the dust they produce, reflect both initial compositions and changes that arise as a result of nucleosynthesis and stellar evolution. Our task is to examine what is known about the different evolutionary paths taken by the different stardust sources and infer which ones result in isotopic compositions that are most consistent with the oxide grain data.
The isotopic signatures of most of the grains, depleted § )
O, enriched ¤
O and high
Al/
Al ratios, all point to hydrogen burning (29) . Although hydrogen burning occurs in all stars, several lines of evidence point to an origin in low and intermediate mass (1-8 M@ ) red giants and AGB stars for a majority of the grains. First, as shown in Fig. 1 , the O-isotopic ratios observed in red giants and AGB stars are similar to those observed in the largest group of oxide grains (Group 1). Second, estimates of dust production in the Galaxy indicate that red giants produce 1 90% of the O-rich circumstellar dust (24, 25, 30) . Third, a feature seen in the infrared spectra of many O-rich red giants has been tentatively associated with Al O (31, 32) . Fourth, the isotopic compositions of most of the grains can be quantitatively explained by theoretical models of evolution, nucleosynthesis and mixing in red giants, but not by models of other O-rich dust-producing stars. The fourth point is discussed in detail in the remainder of this section.
A Groups 1 and 3
Presolar oxide grains belonging to Groups 1 and 3 have moderate § )
O depletions, relative to solar, and slightly depleted (Group 3) to highly enriched (Group 1) ¤ O. The similarity of the O-isotopic ratios observed in Group 1 grains to those observed in red giants and AGB stars strongly suggests that these grains formed in such stars (Fig. 1) . Let us thus examine the evolutionary processes that affect the isotopic ratios at the surface of red giants.
For most of a low or intermediate mass star's lifetime, it is powered by H-burning in the core and its surface O-isotopic composition is that of the gas from which the star formed. Following core H-burning, the star leaves the main sequence and becomes a red giant. At this point, deep convection mixes the ashes of main sequence nucleosynthesis into the envelope, a process known as the "first dredge-up" (33 O ratio increased by the first dredge-up (34) (35) (36) . Following the red giant phase and subsequent core Heburning, the star becomes a thermally pulsing AGB star. Early in the AGB phase, stars of mass M 1 2 3M@ undergo a "second dredge-up" which can modify the surface O-isotopic ratios somewhat more (37) . The effects of second dredge-up depend on metallicity. For stars of solar metallicity, the second dredge-up does not significantly change the O-isotopic ratios. For lower-metallicity stars, the effect of the first dredge-up is diminished but that of the second dredge-up is enhanced. The net result is that, following both the first and second dredge-ups, stars of a given mass M 
O and §
O/ ¤
O ratios of the Z=0.02 stars were assumed to be solar, whereas those of the Z=0.012 stars were adjusted according to a Galactic chemical evolution model (38, 
F, which operate more efficiently at the higher temperatures reached in these stars. Except for stars of very low mass (M 1 3
1.4M@ ), the final §
O/ ¤
O ratio is essentially independent of its initial value since much more ¤ O is mixed to the surface than was initially present. Substantial variations exist between different published predictions of §
O as a function of stellar mass in red giants (39) . For low-mass stars, these differences reflect mainly the different treatments of convection; for higher-mass stars, they are a result of large uncertainties in the cross sections for the ¤ O destruction reactions. Dredge-up calculations carried out using a recent, highly accurate determination of these reaction rates (40, 41) agree within about 20% with the models shown in Fig. 2 .
O ratio following first and second dredge-up is not a strong function of stellar mass. Using the best estimate of the § )
N reaction rate, models predict that the first and second dredge-up in- O ratios. The Stars in the AGB phase of their evolution consist of an inert C-O core surrounded by thin He-and H-burning shells and a large convective envelope. They undergo periodic He-shell flashes (thermal pulses) followed by "third dredge-up" episodes, where convection mixes material from the H and He shells with the envelope. The dredged-up material is mostly 0 He and § C and the third dredge-up gradually increases the surface C/O ratio, eventually turning the star into a carbon star. The third dredge-up is unlikely to significantly change the surface O-isotopic ratios from their first and second dredge-up values, since the total amount of the three O isotopes mixed into the envelope is relatively small (36) . This is supported by Al ratios predicted by third dredge-up models (42, 43) . The predicted ratios are in excellent agreement with the ratios inferred for the grains. However, 1 40% of the Group 1 and 3 grains analyzed for Mg and Al apparently had no Al when they formed ( Table 2 ). Since the O-isotopic ratios of these grains reflect the first dredge-up, they must have formed either in red giants before the AGB phase or early in the AGB phase, before many episodes of third dredge-up had occurred. Thus, the presence or lack of Al in presolar oxide grains gives information on the timing of massloss and grain formation in AGB stars. 1.4M@ ) AGB stars, most dust formation occurs prior to the third dredge-up. This is supported by some theoretical models, which show that very low-mass stars lose most of their mass before reaching the AGB (37, 44) .
Although the AGB phase only occurs in stars of M 1 3 8M@ (45), more massive stars also dredge up material which has experienced core and shell H-burning into their envelopes. Theoretical models of massive star evolution (41, 46, 47) suggest that dust grains from red supergiants (of mass 10-
O=500-1000 and Al/ Al ratios similar to those predicted for AGB stars (9) . Approximately one fourth of the Group 1 oxide grains have these isotopic compositions and thus might have formed in massive red supergiants rather in than low or intermediate mass AGB stars. An origin in the latter seems more likely, since there are far more low-mass stars than high-mass ones, but unknown selection effects (due to grain size, for instance) could bias our sample towards massive stars. O depletion is greater than can be explained by the dredge-up of § )
B Group 2
O-depleted matter into the envelope of near-solar-metallicity stars. In principle, the high §
O/ § )
O ratios of the grains could be due to high initial ratios in the progenitor stars. However, if this were the case, one would expect the Group 2 grains to have a large spread in §
O/ ¤
O, similar to that observed in Groups 1 and 3, instead of the rather limited observed range. Moreover, the most § )
O-poor grains would require an origin in extremely low-metallicity stars (i.e., Population II), which are not observed in the Galactic disk. It is therefore more likely that the § )
O originally present at the surface of the progenitor stars was destroyed by nuclear reactions; let us consider possible mechanisms.
One proposed mechanism for destroying § )
O at the surface of AGB stars is "hot-bottom burning" (HBB). In this process, the base of the convective envelope reaches temperatures high enough for CNO-cycle nuclear reactions to occur, and convection mixes the entire envelope through the hot region (48) . Although HBB will lead to very high §
O/ § )
O ratios and also produce Al, it is believed only to occur in relatively high-mass AGB stars, M=4-7M@ (49, 50) . HBB is thus a highly unlikely explanation for the § )
O depletions of Group 2 grains, since the § O/ ¤ O ratios of the grains indicate that they formed in stars of lower mass. In fact, detailed calculations have shown that the Group 2 grains have O-isotopic compositions which are inaccessible to HBB with any reasonable model parameters (49) .
A more plausible explanation for the isotopic compositions of Group 2 grains is that material at the base of the convective envelope is slowly cycled through the hotter regions near the H-burning shell in low-mass stars, a mixing process that has been named "cool bottom processing" (CBP) (51) . CBP has also been invoked to explain low § C/ C ratios in low-mass red giants (37, 52) and high Na and Al abundances observed in some globular cluster giants (53, 54) . Two different parametrized calculations have addressed the effect of CBP on O-isotopic ratios in low-mass red giants (55) and AGB stars (51) . Although these models were very different in their treatment of deep mixing, both gave similar results and were able to reproduce the O-isotopic ratios of Group 2 oxide grains. Essentially, it was found that the envelope O-isotopic composition resulting from CBP depends critically on the maximum temperature seen by the mixed material, but not on the precise details of the mixing mechanism itself. The good agreement between the model predictions and the observations supports a CBP origin for the § )
O
O/ ¤
O for these grains as well (Fig. 4) . These facts suggest that the cool bottom processing that destroyed the § )
O in the Group 2 parent stars occurred during the AGB phase, a result previously found by CBP models (37, 51) . Cool bottom processing is expected to occur along with third dredge-up throughout the AGB phase (although this has not been shown by any self-consistent model), so a correlation between 
Mg/ 0
Mg ratio of extreme Group 2 presolar oxide grains;
Al production comes at the expense of ( Mg, so this ratio should be lower if high Al/ Al ratios are due to CBP rather than third dredge-up. In this regard, it would be useful to find presolar spinel grains with Group 2 O-isotopic signatures. The above discussion underscores the need for improved modeling of low-mass AGB stars, in order to better understand the interactions between CBP, third dredge-up, mass-loss and grain formation.
Recent models raise the alternative possibility that some Group 2 grains formed in Wolf-Rayet stars, very massive (M2 25M@ ) stars whose outer layers are shed by extreme mass-loss (56) . As these stars evolve from the main sequence to the Oand N-rich WN phase, their surface O-isotopic and Al/ Al ratios are predicted to evolve in a similar fashion to those of AGB stars undergoing cool bottom processing, and they are thus possible sources of Group 2 oxide grains. However, mass-loss rates are much higher during the WN phase than during the stages leading up to it, and WN stars are predicted to have O depletions than observed in most of the grains. In fact, dust formation has only been observed in later-type C-rich Wolf-Rayet stars (57) and not in O-rich Wolf-Rayet stars. This observation and the fact that Wolf-Rayet stars are much rarer in the Galaxy than stars of lower mass suggest that AGB stars are a more likely source of Group 2 grains than Wolf-Rayet stars, but clearly much more work needs to be done. O is produced in the He-shell by captures on 0 N during early thermal pulses, and is dredged-up to the surface before it can be converted to Ne (44, 58) . So far, no model has self-consistently predicted dredge-up of § )
C Group 4
O in AGB stars. Moreover, the O-isotopic compositions observed in AGB stars (21, Fig. 1 ) and Group 1 oxide grains indicate that most AGB stars do not dredge-up large amounts of § )
O. The existence of Group 4 grains suggests that such dredge-up might occur in special cases, however, and indicates the need for detailed modeling to see if this is a viable scenario. Alternatively, the § )
O excesses observed in Group 4 grains might reflect a high initial § )
O abundance in the parent stars. Extrapolating from the dredge-up calculations shown in Figs. 2 and 3, this would require that the grains formed in stars with metallicities from 1.6-3Z@ and low masses (M1 1M@ ). It is highly unlikely that stars of such low mass and high metallicity were present to contribute dust to the presolar cloud, making this scenario less attractive than third dredge-up as an explanation for the low §
O/ § )
O ratios of Group 4 grains. Note that the ( Mg excess observed in T22 is not very diagnostic, since such an excess is expected both from`-capture reactions in AGB stars (59) and in the initial compositions of high-metallicity stars (60) .
D T54
Grain T54 has § O/ ¤ O=71, much lower than any of the other grains, and a sub-
Oa 2000). No known stellar source is predicted or observed to have this O-isotopic composition. However, one can imagine complicated scenarios where mass-transfer from a binary companion might play a role. For example, T54 might have formed in a star which had accreted matter highly-enriched in ¤
O from a hot-bottom burning AGB star companion and then undergone its own first dredge-up. However, such a picture is ad hoc and would certainly need to be confirmed by models.
On the other hand, T54 was completely destroyed during the ion microprobe analysis and the few § )
O atoms measured in this grain could simply be due to a blank contribution from the sample mount or a tiny neighboring Solar System grain. If so, the true §
O/ § )
O ratio of this grain is similar to b . This composition is close to that predicted for extreme hot-bottom burning in a 7M@ AGB star (49) , although the observed §
O/ ¤
O ratio is slightly lower than the predicted final ratio of 
E Summary of Stellar Sources
The O-isotopic ratios of the presolar oxide grains are shown again in Fig 5, together with the trends discussed above for red giants and AGB stars (dredge-up, cool bottom processing and hot-bottom burning) and Wolf-Rayet stars in the WN phase. Also shown is the expected evolution of O-isotopic ratios in the Galaxy (38, see next section) and the predicted compositions of novae (61, 62) and different interior zones of a 25M@ Type II supernova (63) . Clearly, the grains of Groups 1-4 are best explained by an origin in red giants and AGB stars, although the Group 4 grains require atypical dredge-up of § )
O to occur in some AGB stars. The source of grain T54 is unclear, but might have been an AGB star undergoing hot-bottomburning. None of the grains discussed here have compositions consistent with an origin in novae or supernovae. In principle, grains could condense in the O-rich envelope of a Type II supernova, with O-isotopic compositions in the lower part of the Group 1 field. However, only 1 10% of the ejected O is from the envelope (63) , so most supernova oxides should form from the inner § O-rich zones. Moreover, observations indicate that dust formation in Supernova 1987A occurs mainly in the inner zones (64) . It is therefore highly unlikely that any of the Group 1 grains formed in supernovae (although some could have condensed around red supergiants prior to a supernova explosion). 
IV GALACTIC CHEMICAL EVOLUTION AND THE AGE OF THE GALAXY
Thus far emphasis has been mainly on the nucleosynthetic and stellar evolutionary processes that are recorded in the isotopic signatures of presolar oxide grains. In this section, it is shown how the grains also give information on Galactic evolution. As previously discussed, the isotopic compositions of Group 1 and 3 oxide grains are consistent with red giant and AGB star models only if they formed in a range of stars with distinct masses and initial O-isotopic compositions. Variations in the chemical compositions of new stars are thought to arise naturally as a consequence of the chemical (abundance) evolution of the Galaxy. Addressed here is the question of whether the inferred distribution of O-isotopic ratios in the parent stars of the Group 1 and 3 grains is consistent with what is known about the evolutionary history of the Milky Way. Furthermore, a new method for constraining the age of the Galaxy using the presolar oxide grain data is briefly discussed.
As the Galaxy evolves, freshly synthesized elements from dying stars are returned to the interstellar medium where they are incorporated into new stars. As a result, the abundance of the heavy elements (i.e., metallicity) increases throughout the history of the Galaxy, and stars formed at different times (and Galactocentric ra- O, on the other hand, requires pre-existing CNO nuclei, so these O isotopes are "secondary" nuclei. To a good approximation, secondary/primary ratios are expected to increase linearly with metallicity (60) . Also, since the average metallicity of the Galaxy increases over time (65) 
O/ § O ratios should be lower in older stars than in younger ones. This basic picture of Oisotopic evolution (normalized to the solar O-isotopic ratios) is indicated on Fig. 5 by the arrow labeled "Galactic evolution." A linear relationship between O-isotopic ratios and metallicity has been found by detailed Galactic chemical evolution models as well (38, 66) , and was used to relate the initial compositions of red giants to their metallicity in the dredge-up models discussed in this paper. O ratios are not included, since their compositions are not consistent with the dredge-up models and they thus might have a different origin than the rest of the grains. There are a number of factors which complicate the interpretation of these distributions. First, it has been assumed that all of the parent stars had masses less 1000 could have come from more massive stars (Fig. 2) . The peak at Mc 2M@ in Fig. 6 might suggest that some of the grains do indeed come from stars of higher mass, if the total production of micron-sized stardust is a decreasing function of stellar mass. Second, grains from high-metallicity (Z=0.02-0.03) stars are under-represented here, since they have §
O/ § )
O ratios in the region missed by ion imaging searches for presolar oxides (see also ref. (30)). These two difficulties have little effect on the remainder of the discussion since we are more interested in the grains from low-mass, lowmetallicity stars. A potentially more damaging problem is the dependence of the metallicity distribution on the assumed relationship between initial O-isotopic ratios and metallicity used in the dredge-up models; if the assumed trend is incorrect, the inferred Z values (and for M 1 3 1.5M@ , the inferred masses) may be systematically off. This is discussed further below.
It is clear from Fig 6 that the progenitor stars of Group 3 presolar oxide grains not only had lower masses than those of Group 1 grains, as discussed in A III A, but also had, on average, lower metallicities. This is easily understood in terms of Galactic chemical evolution. In order for the presolar oxide grains to have been present at the time of Solar System formation, their parent stars must all have ended their lives close to this time, probably within years. Since low-mass stars evolve more slowly than higher-mass stars, this means that the Group 3 parents formed earlier than the Group 1 parents and consequently had lower metallicity. To explore this relationship between mass and metallicity in more depth, the progenitor stars are plotted on an "age-metallicity" diagram (Fig. 7) , and compared with astronomical observations and theoretical predictions. In this plot, the inferred metallicity for each grain, divided by the solar value, is plotted against the minimum time before today when the parent star formed. The latter was obtained by adding the age of the Solar System, 4.6 Gyr, to the lifetime predicted for a star of the given mass and metallicity (67) . Also shown, as open squares, are the observed metallicities (Fe/H) and inferred ages of disk dwarf stars of the same Galactocentric radius as the Sun (65) . The y-error bars for these points indicate the observed spread in metallicity for stars within different age bins, indicated by the horizontal bars. The thick black curve is the age-metallicity relation predicted by the detailed model of Galactic chemical evolution of Timmes et al. (38) ; the dot-dot-dashed curves above and below the black curve represent the theoretical trend scaled up and down respectively, by 35%
There is surprisingly good agreement between the inferred distribution of grain parent stars and the theoretical age-metallicity relation; in particular, the predicted age-metallicity relation passes close to the center of the progenitor star field. Also, the shape of the distribution is consistent with there having been a 35% range around the average metallicity for parent stars formed at different times in the Galaxy (dot-dot-dashed curves). The overall consistency of the Group 1 and 3 grain data with models of Galactic chemical evolution, first dredge-up, and stellar lifetimes strongly supports the conclusion that the grains formed in red giants and that chemical evolution significantly influenced the grains' compositions. How-FIGURE 7. Metallicity of oxide grain progenitor stars plotted against the time at which the star must have formed in order to contribute dust to the early Solar System. White squares indicate the binned observational data of Edvardssen et al. (65) of disk dwarf stars at the solar Galactocentric radius. The solid curve is a theoretical age-metallicity relation of Timmes et al. (38) ; the dot-dot-dashed curves are the same relation arbitrarily scaled up or down by a factor of 1.35. The total metallicity (Z) is plotted for the grain progenitors and the theoretical curves; Fe/H is plotted for stellar observations. Although the iron abundance and total metallicity are not directly comparable, the differences between the two are probably smaller than the ranges of values on the plot. ever, although the progenitor stars overlap with the observed disk stars, the average metallicity of the grain parent stars formed at any given time (and that predicted by the model) is higher than the average observed in current stars that formed at the same time. Another discrepancy suggested by Fig. 7 is that the apparent metallicity spread of 9 35% implied by the grain data is smaller than that observed in disk stars, but it is not clear whether or not this difference is significant, given the uncertainties in both the models and observations.
Given that some of the presolar oxide grains originated in low-mass, lowmetallicity red giants, their compositions may be used to constrain the age of our Galaxy (16) . Since stars produce dust at the end of their lives, in order for a star to have provided dust to the Solar System, the age of the Galaxy must be larger than the lifetime of the star added to that of the Sun, i.e., the values plotted for grain progenitors on the abscissa of Fig. 7 . These values are thus lower limits on the Galactic age. If the one star plotting at the grain data suggests that the age of the Galaxy is close to that assumed by the model, 15 Gyr; a detailed analysis of the data gives an estimate of 14.4 Gyr (16). The systematic uncertainties affecting this estimate, due primarily to uncertainties in chemical evolution and stellar dredge-up models, are potentially large (several Gyr) and discussed in detail in (16) .
The O with Galactocentric radius (68, 69, 66) . These data support the ideas that ¤
O and § )
O are both secondary isotopes and have increased uniformly with metallicity, relative to primary § O. However, there are important discrepancies between the elemental and isotopic abundances observed in molecular clouds and those of the Solar System, so the normalization of the assumed O-isotopic evolution trend to solar values may be invalid. In particular, the Sun seems to have a higher relative abundance of § )
O than expected for stars of its age and Galactocentric radius. Proposed explanations for the "atypical" composition of the Sun include that the protosolar cloud from which the Sun formed was preferentially enriched in material from massive stars (70, 66) , and that the Sun formed at a smaller Galactocentric radius than that of its current position (71, 72) and later migrated out to its current orbit. In any case, the good agreement between the various models discussed above and the compositions of the presolar oxide grains suggests that the assumed evolution of O-isotopic ratios is not too far removed from reality, at least for the material that went into the making of the Solar System. That is, the grains might reflect a "local" Galactic chemical evolution that resulted in the composition of the Sun, but which differed in detail from the average chemical history of the Galaxy as a whole. The isotopic analysis of additional elements in presolar oxide grains would help shed light on the issues discussed here by providing additional constraints on the influence of Galactic chemical evolution on the grain compositions. For example, Huss et al. (73) have argued that chemical evolution might provide a natural explanation for the unusual Mg and Ti-isotopic ratios observed in one presolar Al O grain, Orgueil-B. Similarly, Galactic chemical evolution has been invoked to explain the Si and Ti isotopic compositions of presolar SiC in meteorites (43, (74) (75) (76) .
V OXIDE GRAIN PUZZLES
It is clear from the preceding discussions that the origins of most presolar oxide grains, in particular those belonging to Groups 1 and 3, are reasonably well understood in terms of both the evolution of the Galaxy and stellar evolutionary processes in red giants and AGB stars. However, there are still a number of mysteries concerning presolar oxide grains. The most pressing questions yet to be answered about the isotopic data are: 1) what were the sources of the Group 4 grains and grain T54? and 2) what is the physical cause of the extra mixing (cool bottom processing) that probably occurred in the parent stars of Group 2 grains? Both of these issues are likely to be resolved with improved stellar modeling and with the identification of more grains.
Perhaps the most important unanswered question concerning presolar oxides is related to their abundance. The meteoritic concentration of presolar oxide grains of size O and all Si in C-stars into SiC, and by taking into account astronomical estimates of the relative dust production rates of C-rich and O-rich red giants in the Galaxy, the mass ratio of presolar SiC to presolar Al O in meteorites is predicted to be 1-10 (9,30), much lower than the ratio observed in different meteorites. Al O should not be preferentially destroyed, relative to SiC, either by processes in space or by the chemical treatments used to isolate presolar grains from meteorites (7) . In fact, SiC should be more readily destroyed than Al O in the oxidizing conditions of the interstellar medium and early Solar System.
The low abundance of presolar oxides might be explained if presolar Al O has a finer grain size distribution than presolar SiC. The size of grains condensing in a stellar atmosphere depends to a large extent on mass-loss rates (77) , which are predicted to be higher in the latest C-rich stages of AGB star evolution than in the earlier O-rich stages (78) . A grain size distribution that is finer for Al O stardust than for SiC stardust is thus plausible on theoretical grounds. However, the size distribution of dust observed around O-rich red giants and AGB stars is similar to that observed around C-rich AGB stars (79) and micron-sized grains are observed around both C-rich and O-rich red giants (79, 80) . Alternatively, the underabundance of presolar oxide grains might indicate that only a small fraction of the Al in AGB winds condenses into Al Another major puzzle is the fact that no oxide grains have been identified that appear to have condensed in Type II supernova ejecta. Grains of SiC, graphite, and Si N0 grains with isotopic compositions indicating a supernova origin have all been found in meteorites (81) (82) (83) . O-rich dust grains should form in supernovae in addition to the reduced phases, since much more O than C is ejected in supernova explosions (63, 47) . Estimates based on published calculations of supernova yields (47) suggest that Al O grains from supernovae should make up 10-70% of presolar oxide grains in meteorites (9, 30) . No evidence for extremely § O-enriched refractory oxide grains larger than 1 0.1 m in meteorites has yet been found (4, 9) and supernova-produced Al O is thus markedly underabundant in the current data set. As in the case of the overall paucity of presolar oxide grains in meteorites, the lack of supernova grains might indicate that most Al does not condense into Al O or that supernovae underproduce oxide grains larger than O, suggesting that some AGB stars dredge up this isotope in early thermal pulses. Alternatively, these grains might have formed in low-mass AGB stars of unusually high metallicity. O enrichments indicating such an origin have been found. Although presolar oxide grains in meteorites are somewhat difficult to identify, they clearly provide important astrophysical information and are thus worth the effort required to locate them. As has happened with the detailed characterization of large numbers of presolar SiC and graphite grains, we should expect many new surprises and insights as more and more presolar oxide grains are identified in meteorites. Improvements in astrophysical models and astronomical observations will no doubt aid in the resolution of some of the outstanding problems associated with the current presolar oxide grain data set as well.
